limited pH window. Although strong polyelectrolytes do not suffer this problem, the most commonly employed post-modification approach limits the choice of the hydrophobic component, as harsh reaction conditions are usually involved. Moreover, this method often results in incomplete functionalization of the precursor copolymer. To avoid these difficulties a mild route was developed that is based on a hydrophobic protected poly(3-sulfopropyl methacrylate) intermediate that enables the preparation of well-defined strong anionic polyelectrolytes. The potential of this method was demonstrated by synthesizing hydrophobic/strong anionic diblock copolymers, and their self-assembly in aqueous solution was studied.
Amphiphilic block copolymers that contain both hydrophobic and ionic features are promising materials for various applications, such as surfactants for emulsion polymerizations, 1, 2 thickening agents for enhanced oil recovery, 3 lubricants in aqueous media, 4 the preparation of photonic fluids, 5 fabrication of proton-exchange membrane fuel cells, 6 and the preparation of adhesives for use in wet environments. 7, 8 The ionic block is frequently based on a weak polyelectrolyte, i.e., the charge density is dependent on the pH, making the hydrophobic/ionic block copolymer soluble in polar organic solvents. Examples of the most commonly employed weak electrolyte monomers include anionic (meth)acrylic acid [9] [10] [11] and cationic N,N-dimethylaminoethyl methacrylate, [12] [13] [14] with poly (acrylic acid) generally being synthesized from a tert-butyl-protected hydrophobic precursor. 15, 16 While the weak ionic nature allows straightforward synthesis and characterization of amphiphilic block copolymers, it limits the applicable pH range if a high charge density is desired.
Strong polyelectrolytes do not suffer this problem, but their permanently charged structure is accompanied by a significantly reduced solubility. 17, 18 Therefore, the strong ionic functionality is usually introduced via post-modification of an analyzable, fully hydrophobic intermediate. An intriguing approach was recently reported by the Hawker group, in which thiol-ene click chemistry enabled the transformation of an uncharged precursor into either a strong cationic or anionic polyelectrolyte, depending on the character of the thiol. 19, 20 For polycations, a more commonly employed method involves quaternization of ortho-or para-substituted vinylpyridines. [21] [22] [23] [24] [25] These quaternization reactions are, however, often incomplete and thus require thorough analysis in order to determine the exact charge density, which is a crucial parameter when polyelectrolyte complexes are concerned. 26, 27 Polystyrene sulfonate is among the easiest accessible strong polyanions, and while it can be synthesized directly from commercially available styrene sulfonate, sulfonation of polystyrene continues to be the most frequently applied route toward this polyelectrolyte. Similar to the previously discussed quaternization reactions, sulfonation of polystyrene is often incomplete as well, and in addition, involves the use of corrosive and toxic reagents. [28] [29] [30] Quantitative sulfonation can be achieved under even more aggressive reaction conditions, but may lead to meta substitution 31 and other side reactions. 32 Under these conditions the hydrophobic block should remain intact and thus its choice is limited.
Although direct synthesis of sulfonate-containing block copolymers remains a feasible option, either by using a waterbased solvent mixture 33, 34 or through polymerization-induced self-assembly (PISA), 35, 36 the lack of a common solvent hinders proper analysis of such highly amphiphilic copolymers.
A more subtle approach towards well-defined anionic/hydrophobic block copolymers involves the use of protection chemistry: first a fully hydrophobic characterizable copolymer is synthesized, and is followed by deprotection of the sulfonic ester to give a strong anionic/hydrophobic block copolymer. 37 Several research groups have made use of this alternative route to obtain polystyrene sulfonate-containing diblock copolymers, with polystyrene, 38 poly(n-butyl acrylate) 39 or poly (3-hexylthiophene) 40, 41 as the hydrophobic component. Still, a few problems arise when employing this method: (1) the low reactivity of protected styrene sulfonate limits the molecular weight of the polyelectrolyte block (molecular weights above 10 kg mol −1 are rarely obtained), (2) deprotection by thermolysis is uncontrolled and requires prolonged heating (typically above 150°C for several hours), and (3) thermolysis results in the sulfonic acid form and thus causes a local and potentially undesired pH decrease. As the copolymer should survive these conditions, the choice of the hydrophobic block is restricted by the deprotection method.
To overcome these problems, we report a new route to prepare well-defined strong polyanions through a protected intermediate by starting from commercially available 3-sulfopropyl methacrylate. This methacrylate enables the synthesis of higher molecular weight polyelectrolytes, while for its deprotection we used a significantly milder route that only involves treatment with sodium iodide. [42] [43] [44] Additionally, instead of the acid it immediately affords the sodium salt form of the polyelectrolyte (Scheme 1). To demonstrate the potential of our method, poly(methyl methacrylate)-containing hydrophobic/strong anionic diblock copolymers were synthesized, and their self-assembly in aqueous solution was studied.
The potassium salt of 3-sulfopropyl methacrylate (SPMA) was protected via a two-step, one-pot reaction. First the sulfonate was converted into 3-(chlorosulfonyl)propyl methacrylate by treating this compound with oxalyl chloride. Since only a small excess of oxalyl chloride was necessary, the in situ prepared sulfonyl chloride could be immediately used in the second step without working-up. Subsequent esterification with isobutanol in the presence of base (triethyl amine) gave 3-(isobutoxysulfonyl)propyl methacrylate (BSPMA) after purifi-cation by flash chromatography. In contrast to styrene sulfonyl chloride, it should be pointed out that the sulfonyl chloride of SPMA cannot be isolated due to its high reactivity towards moisture; still, progress of the reaction can be monitored by 1 H-NMR ( Fig. S1 †) . The optimized procedure is easy to scale up, and affords BSPMA in high yields (80+%) ( Fig. 1a and S2 †).
PBSPMA homopolymers were prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization. While dithiobenzoate RAFT agents are known to offer better control over the polymerization of methacrylates, in this work a trithiocarbonate (2-cyanopropan-2-yl propyl trithiocarbonate; CPP-TTC; Fig. S3 †) was selected, since these chain transfer agents (CTAs) are less prone to hydrolysis 45 and are more stable towards strong nucleophiles which may be relevant in the deprotection step. Despite reaching full monomer conversion, PBSPMA homopolymers ( Fig. 1a ) with very decent polydispersities and molecular weights close to the theoretical values were obtained (Tables 1 and S1 †). Test reactions with a dithiobenzoate CTA indeed resulted in even narrower molecular weight distributions, typically around 1.1 (not shown).
PBSPMA degrades rapidly above 200°C, probably due to the thermally deprotected sulfonic ester 37 that in turn causes acidcatalyzed hydrolysis of the methacrylate ester, but is long-term stable up to 130°C (Fig. S4 †) . Its glass transition was measured to be around 15°C, making it to behave as a solid to slightly rubbery material at room temperature, depending on the molecular weight (Fig. S5 †) .
For the deprotection of PBSPMA we were inspired by a strategy that is more common in organic chemistry: the protected hydrophobic sulfonate is dissolved in an organic solvent in the Scheme 1 Schematic illustration and general reaction scheme describing the strategy for the preparation of protected PBSPMA sulfonatecontaining homopolymers and their subsequent deprotection. presence of a nucleophile (sodium iodide). [42] [43] [44] Deprotection causes precipitation of the sodium sulfonate salt; insolubility of the product drives the reaction to completion. This precipitation-driven procedure already worked remarkably well for the deprotection of PBSPMA: by using an acetone-based solvent/ non-solvent system PBSPMA was converted quantitatively into the strong polyanion. As this approach may not be suitable for amphiphilic copolymers, we sought for a homogeneous system. Protected PBSPMA is soluble in a wide range of organic solvents (chloroform, THF, acetone, DMF, DMSO, etc.), whereas the sodium salt of poly(3-sulfopropyl methacrylate) [PSPMA(Na)] is only soluble in water and DMSO. Therefore, the reaction was performed in DMSO (Scheme 1), but this led to incomplete deprotection of PBSPMA when the reaction was performed under conditions comparable to the precipitationdriven method (70%; Fig. S6 †) . Quantitative deprotection was achieved after increasing the concentration NaI (3 eq. compared to BSPMA) and the temperature to 70°C ( Fig. 1b and S6 †). Due to the high solubility of NaI in organic solvents, the excess salt can be removed by simple precipitation of the polyelectrolyte; dialysis is not necessary. The complete process ( protection/polymerization/deprotection) can also be followed qualitatively by FT-IR ( Fig. S7 †) .
Although the trithiocarbonate end group seemed to survive the NaI treatment ( 1 H-NMR in D 2 O; Fig. S8 †) and calculation of the degree of polymerization resulted in very similar values for PSPMA-2 (P n,NMR = 55) and its PBSPMA-2 precursor (P n,GPC = 51; 1 H-NMR is not possible due to overlapping signals), analysis of polyelectrolytes by GPC remains challenging. To proof that a methacrylate backbone is unaffected by the deprotection conditions, a model system was developed based on a low molecular weight poly(methyl methacrylate) (PMMA) analogue. To this end, PMMA-2 was treated with NaI under identical circumstances as PBSPMA. End group analysis by 1 H-NMR revealed equal degrees of polymerization, and GPC curves overlapped perfectly (Fig. S9 †) . The reported method is thus sufficiently mild and may potentially even allow further extension of the polyelectrolyte in aqueous media.
The hydrophobic nature of the protected sulfonate enables facile synthesis and characterization of well-defined amphiphi-lic block copolymers (Scheme 2). PMMA was chosen as the hydrophobic component, although acrylates or styrenics could also have been suitable candidates. Several PMMA-b-PBSPMA diblock copolymers were prepared by starting from either a PMMA or PBSPMA macro-CTA, resulting in copolymers of varying molecular weight and composition (Tables 1 and S2 †). Despite that the PBSPMA blocks were synthesized by fully converting the monomer, potentially leading to a lower end group fidelity, this approach still provided diblock copolymers with good polydispersities. 46, 47 Furthermore, no traces of residual homopolymer could be detected in GPC ( Fig. 2a and S10 †) .
In order to convert the hydrophobic PMMA-b-PBSPMA precursors into PMMA-b-PSPMA(Na), the copolymers were reacted with 3 eq. NaI under the same conditions as the PBSPMA homopolymers. Block copolymers were quantitatively deprotected as evidenced by 1 H-NMR, and compositions before and after the NaI treatment were almost identical (BCP-3: x PMMA = 0.46 vs. 0.49). These slightly deviating values are possibly caused by peak broadening in DMSO-d 6 (Fig. 2b) . True block copolymer compositions were therefore always calculated from the 1 H-NMR spectra of the protected hydrophobic precursor in chloroform-d (x PMMA = 0.47; Fig. S11 †) .
To verify the amphiphilic nature of these strong anionic/ hydrophobic PMMA-b-PSPMA(Na) diblock copolymers, their aqueous self-assembly was studied by dynamic light scattering Table 1 Overview of the synthesized homopolymers and PMMA-b-PBSPMA diblock copolymers, and the self-assembly of PMMA-b-PSPMA(Na) in aqueous solution. M n corresponds to the molecular weight (kg mol −1 ), Đ the molecular weight distribution, m and n are the degrees of polymerization, f PMMA is the weight fraction PMMA, R h the hydrodynamic radii of the micellar aggregates (nm), PDI their polydispersity index and ζ the zeta potential (mV) (DLS) and transmission electron microscopy (TEM). A small amount of salt (10 mM KNO 3 ) was added to prevent polyelectrolyte effects (e.g. slow modes). Aqueous solutions (1.0 mg ml −1 ) were prepared by directly dissolving the polymer powders in water, except for BCP-6 which required the presence of a small amount of DMSO (1/1, then diluted with water; see ESI †). All block copolymers dissolved rapidly after shortly heating the solutions. A first indication for the sizes and shapes of the copolymer aggregates was obtained by multiangle DLS: polydispersity indices (PDIs) and hydrodynamic radii (R h ) obtained through cumulant analysis are summarized in Table 1 , while size distribution plots (CONTIN algorithm; 90°) are demonstrated in Fig. 3a -c. The relatively low PDI values may indicate the formation of spherical objects for all six diblock copolymers. The measured zeta potentials confirm the charged nature of the micellar aggregates, with the order of magnitude being typical for strong polyelectrolyte nanoobjects. 35, 36 Additionally, the corona size of the frozen aggregates, and thus their hydrodynamic radius, was found to be highly sensitive to the salt concentration ( Fig. S12 †) . More information on the self-assembled block copolymer structures was obtained by electron microscopy. Samples were negatively stained with a 2 wt% uranyl acetate solution (Fig. 3d-i) . Indeed, only spherical micelles are observed, even for the highly asymmetric BCP-5 and BCP-6 copolymers (Fig. S13 †) . While cryo-TEM is required for a detailed and quantitative analysis of the objects (e.g., core sizes, aggregation numbers, etc.), still a few words can be spend on the behavior of these hydrophobic/strong anionic diblock copolymers. It seems reasonable to assume that only the PMMA cores are observed in these images. Core radii vary between roughly 10 and 20 nm, which is in all cases significantly smaller than the measured hydrodynamic radii. These differences imply that the strong anionic PSPMA corona chains are highly stretched in solution. Although being a staining effect, aggregated and hexagonally packed particles never touch, further supporting the strong repulsion between the charged coronas in the hydrated state. Also, when comparing block copolymers with a similar core size (BCP-1 vs. BCP-5), the distance between packed BCP-1 particles is indeed significantly larger due to its longer PSPMA block. BCP-3 and BCP-4 on the other hand were synthesized from the same PMMA macro-CTA, but differ in size of the PSPMA block. Stronger repulsion of BCP-1's larger corona block caused the formation of a smaller, more curved PMMA core (i.e., lower aggregation number) and simultaneously resulted in a larger inter-particle distance. Finally, BCP-6 was found to give the largest PMMA nanoparticles due to its highly asymmetric composition.
The copolymers poor in the hydrophobic component (such as BCP-2, BCP-3 and BCP-4) self-assembled into the expected star-shaped micelles. 9, 10, 48 Interestingly though, the copolymers that contained a large hydrophobic component (BCP-5 and BCP-6 in particular) still self-assembled into spherical micelles, even in the presence of KNO 3 . This behavior differs significantly from the thoroughly studied polystyrene-b-poly (acrylic acid) weak polyelectrolyte system, 49 since weak polyelectrolyte crew-cut micelles already transformed to other nonspherical objects (rods, plates, etc.) in the presence of very little salt (<10 mM). 50 These observations may be a result of poly(acrylic acid) being only partially charged under neutral conditions, reducing the inter-polyelectrolyte chain repulsion and consequently allows the formation of a less curved interface. Moreover, DMF was often added as a cosolvent, which further lowers the charge density and induces additional electrostatic shielding. Thus, charge repulsion plays a dominant role in the self-assembly of the strong anionic/hydrophobic diblock copolymers.
It should be noted that the PMMA cores are glassy at room temperature, and therefore the observed nano-objects are expected to be kinetically trapped non-equilibrium structures. To investigate whether the formed micelles are static or dynamic, the solution of BCP-6 was annealed at 80°C overnight. No morphological changes were observed (Fig. S14a †) . This result is not very surprising though, since previously studied liquid core-containing systems based on poly(n-butyl acrylate) were even found to be static due to the high interfacial tension. 10 Because the preparation method of micellar aggregates can have a dramatic effect on the final morphology, 51 preliminary tests with the solvent addition method (DMSO/H 2 O) were performed. DLS experiments, however, indicated no significant difference between both methods as very similar hydrodynamic radii and PDIs were measured (Table S3 †) . Indeed, BCP-6 still formed the unexpected spherical micelles as evinced by TEM (Fig. S14b †) . Furthermore, as opposed to weak polyelectrolyte systems, the presence of salt was required in order to obtain monodisperse aggregates. These findings already demonstrate the deviating solution behavior of our strong polyelectrolyte/hydrophobic copolymers, although one should be careful with drawing any hard conclusions at this point due to the glassy state of the PMMA micelle cores. For a more detailed study on such hydrophobic/ strong anionic diblock copolymers, it is therefore recommended to replace the PMMA block by a more liquid-like hydrophobic block, such as polyisobutylene 9 or poly(n-butyl acrylate). 10 This will be the subject of future work.
In summary, we have demonstrated a straightforward approach towards well-defined strong anionic polyelectrolytes. Our method is just as convenient as the widely employed tertbutyl acrylate/acrylic acid system. It results in a strong sulfonate polyanion, and in contrast to other reported methods, deprotection of the isobutyl sulfonic ester was found to be mild and quantitative. As a proof of concept several hydrophobic and analyzable PMMA-b-PBSPMA diblock copolymers were synthesized by controlled radical polymerization that could be converted into PMMA-b-PSPMA(Na) hydrophobic/strong anionic block copolymers. Due to their highly amphiphilic character, these copolymers readily self-assembled in aqueous solution. Although relatively simple in nature, we are convinced that this route can be easily translated to other, more advanced polymer systems.
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